Cognitive radio (CR) systems are designed to utilize the available radio spectrum in an efficient and intelligent manner. Terrestrial Digital Video Broadcasting (DVB-T) frequency bands are one of the future candidates for cognitive radio applications especially because after digital television transition the TV white spaces (TVWS) became available for radio communication. This paper deals with the survey of the DVB-T spectrum; wideband measurements were performed on mobile platform in order to study the variation of the radio signal power in city area aboard a moving vehicle. The measurement environment was a densely built-in region where the proper DVB-T receiving was guaranteed by three TV transmitters, utilizing three central channel frequencies using 610, 746, and 770 MHz. In our paper the methods, the applied antenna, and measurement devices will be presented together with simulated and measured fading statistics. The final result is an estimation of the cognitive DVB-T spectrum utilization opportunity; furthermore a scenario is also proposed for secondary channel usage.
Introduction
Cognitive radio is an emerging technology to utilize the radio spectrum with high efficiency. The main owners of the spectrum, the primary users (PUs), are not constrained during their operation, while the secondary users (SUs) can operate in the same frequency band if the spectrum is free [1] . It is very important to avoid the degrading of PU's quality of service (QoS) during the cognitive channel usage whereas an acceptable level of service should also be provided for the secondary users. Several technologies should be applied to guarantee these-sometimes contradictoryrequirements [2] . Sensing of the spectrum and detecting the available channels are some of the main tasks of a CR system. The frequency range that can be utilized by the CR devices depends on the local frequency regulation and therefore it may vary in different countries. In the crowded radio spectrum it is not a simple task to find the appropriate radio bands for cognitive terrestrial devices [3, 4] . This paper concentrates on the terrestrial television bands and their secondary usage.
In the literature, numerous works are presented about spectrum measurements and on different technologies to support cognitive users in better utilization of the available bandwidth. TV white space is also of a great interest due to the digital TV transition that recently took place in several countries. In the following an overview of this research field will be given in order to put our research into context.
In [5] , despite the actual theory that the capacity of the radio spectrum is already achieved, the underutilization of the spectrum is highlighted and the importance of cognitive radio techniques is shown. The paper is focusing on major technologies for opportunistic spectrum access through a hierarchical model approach that adopts the primary and secondary user structure. Spectrum sensing is the key technology to estimating the availability of the licensed spectrum for secondary usage. In [6] , the various spectrum occupancy models used in different research campaigns worldwide were studied and compared. The authors evaluate the percentage of the whole spectrum occupied by different services. Longand short-term statistics are presented, showing most of the commercial terrestrial frequency bands (GSM, TV broadcasting, 3G, etc.), utilizing the available spectrum almost below 20 [7] . In a large business like Chicago, low spectrum occupancy was observed indicating that a DSS (Dynamic Spectrum Sharing) radio system could access a huge amount of prime spectrum as there are large, unoccupied, contiguous spectrum blocks. The paper [8] collects previous research work carried out worldwide and compares it with spectrum occupancy measurements at the University of Hull, UK. The collected historical measurements are covering also the 30-3000 MHz band and they confirmed the generally low occupancy of the investigated spectrum. The measurements in the UK were performed with a similar hardware configuration to what we also applied during our research work and will be detailed later (spectrum analyser and computer); the frequency range was 80-2700 MHz. For DVB-T spectrum measurements in [9] , several results can be found especially for occupancy estimations serving as input for outdoor REM (Radio Environment Maps). The measurement setup was similar to the campaign performed in Budapest, but the latter research is focusing also on fade duration statistics and its consequences as it will be later demonstrated. The cellular and the UHF/VHF TV band were studied in [10] for Malaysia and actual spectrum utilization statistics are provided with static measurements. The low duty cycle of the spectrum occupancy was also proved by this study. A comparative spectrum occupancy study was carried out in Barcelona, Spain, and Poznan, Poland [11] . The measurement setups were harmonized to obtain comparable results by concentrating on the problem of the efficient noise floor estimation. As a result, differences have been obtained in the TETRA bands due to the different spectrum allocation regulations in these countries. This study highlights that efficient spectrum detection is always required in order to avoid the congestions due to different local regulatory rules. The change of the UHF TV band spectrum availability due to digital transition in Greece is studied in [12] . They proved that the spectrum availability was significantly increased after the analogue switch-off. Furthermore, the risk of LTE-4G interference to TV services and vice versa is also pointed out according to the spectrum measurements they carried out. A general and detailed discussion on different approaches to spectrum occupancy measurements is provided in the relating ITU report SM.2256 [13] . Unlicensed communication in the UHF band has also a great actuality. Measurements in Italy, Spain, and Romania are presented in [14, 15] in order to estimate practical parameters to ensure the feasible and harmless unlicensed communication in the UHF TV bands. Special devices like wireless microphones may also utilize this band under strict regulatory control [16] , that is, also increasing the importance of accurate spectrum sensing methods.
In the present paper we demonstrate mobile measurements in the DVB-T spectrum by concentrating on the occupancy statistics that can be inferred from the channel fading dynamics. We significantly extended our former paper [17] with technical details and additional measurement route; furthermore results and conclusions are amended. DVB-T users are the primary owners of the television receivers [18, 19] . In large cities, like Budapest, where we conducted our measurements, the sufficient service requires several multiplexed channels and usually more than one transmit station. DVB-T receivers are the primary users of this spectrum and the service provider takes care of the sufficient quality of service at the whole geographical region [20] . Nevertheless, in densely built-in areas and especially in case of hilly areas the received signal level could be locally insufficient to receive the DVB-T signal properly. In this case by applying smart spectrum sensing technologies a secondary, mobile user has an opportunity to utilize this spectrum for different kind of short-distance communications, like accessing locally transmitted traffic information and carto-car communications, or for general type of data transfer. A hypothetical scenario is depicted in Figure 1 .
Therefore our main goal during this survey was to investigate the frequency band of the terrestrial digital television broadcasting between 400 and 900 MHz to have an overview of the possibilities for mobile CR applications [21] . In order to achieve this goal the appropriate measurement devices had to be selected and also designed if off-the-shelf equipment was not available. The air interface was a custom designed wide band discone antenna. For sensing the radio spectrum, a handheld spectrum analyser was applied. As the measurement campaign was planned for mobile measurements aboard a vehicle, an appropriate and safe mechanical setup was needed. The route and the speed of movement were recorded by a GPS-based navigation system.
The main target of this research was twofold: primarily received power time series was recorded in a wide DVB-T band while a vehicle was moving in city area. Secondly, by processing the measured data, first-and second-order statistics were derived allowing inferring the CR opportunities in this band.
Measurement Location and Modelling
In the time of the measurements (12/2013 and 03/2014) in Budapest three DVB-T transmitters were operating. Each of them has multiplex channels with the standard 8 MHz bandwidth providing the sufficient receiving conditions over the whole city. It is worthy of note that in the majority of the European countries the transition from analogue to digital TV broadcasting technologies was finished (see, for example, [22] ), and there are only a few countries where this is still an ongoing process. In Table 1 the main transmitter parameters can be found for Budapest.
The transmitter locations are depicted in the map shown in Figure 2 , denoted with 1 , 2 , and 3 signs. It is worth mentioning that the left side of the city is hilly while the right side is flat; however transmitter 3 can be found on elevated location. The arrangement of the transmitters and their power radiated ensure the location-independent receiving despite the geographical variability.
For a first and rough estimation of the received signal power at the different geographical positions the OkumuraHata channel model [23] was selected to illustrate the capabilities and limitations of such calculations. This model is valid for 150-1500 MHz frequency range; therefore it is well applicable for DVB-T. It is an empirical model suitable to calculate the path loss for different urban areas. The ℎ height of the transmit antenna and the ℎ receiver antenna height are also input parameters of the model: 
is the antenna height coefficient and it is for small and medium cities:
and for big cities,
The model has limitations in range (1-20 km) and transmitter antenna height (30-200 m) . By taking into account that the sea level height of the city (river floor) is 90 m, the model could be applied for a rough estimation of the received signal level. In the following this calculation is presented, where we considered big city model coefficients and provide received signal power map for each transmitter frequency.
To calculate with the Okumura-Hata model, we positioned three transmitters into a hypothetical square of 20 * 20 km; the origin of this area was N47 ∘ 25 and E18 ∘ 54 . The positions of the transmitters are representing their real geographical places relatively to this origin. The gain of the transmitter antennas was selected uniformly 15 dB and the receiver location was 3 m, respectively. The result is depicted in Figure 3 , where the transmitters are numbered according to Table 1 .
The modelled signal level in the rectangular area visualizes the received power at different locations produced by the DVB-T transmitters. Besides the Okumura-Hata model, the Walfisch-Ikegami and the Lee models are compared and tested for different geographical areas in [24] . In this paper, the goal of the modelling was to get a quantitative overview of the received signal power field and therefore we selected for our calculations one of the best known models.
Nevertheless, the effect of the local variation of the environment, for example, shadowing of buildings, reflections, and local interferences, is not visible in Figure 3 . In order to generate a more accurate power map, a detailed geolocation map would be required, containing an exact database of the object positions and dimensions across the city, but such a database was not available for the authors.
The lack of the fine structure and the variation of the signal level on a specific route require a different approach. The description of this method and its conclusions is the following subject of this paper. 
Receiver Antenna Design for Spectrum Sensing
Our goal was to build an all-purpose system that is capable of wide range spectral observations between 0.4 and 3 GHz. In [25] for a similar measurement a commercially available 25-1300 MHz antenna was proposed, but for our purposes we selected a customized antenna that has a broader bandwidth. Therefore a special wideband antenna was designed [26] at our department whose omnidirectional characteristic was one of the most important requests (see Figure 4) . The requirements are well fulfilled by a discone antenna that consists of a flat disc on the top of a conical part. Within this structure, the wideband operation is mainly determined by the conical structure. The drawing and final dimensions of the antenna can be found in Figure 4 . Before antenna fabrication, computer simulations were done in order to prove the performance and check the main parameters. The simulated antenna of a characteristic at 746 MHz is depicted in Figure 4 while variation of the gain with frequency is depicted in Figure 5 . The latter figure also illustrates a two-antenna system assembled on the top of a car, ready for mobile measurements. The gain of the antenna is slightly varying with the frequency and according to the simulation it is nearly 2 dB in the investigated DVB-T frequency band.
Mobile Sensing of the DVB-T Spectrum
Spectrum sensing is a secondary user's task when his operation is based on CR technology. SUs should discover usually a wide frequency band before they can utilize any spectra. This is an indispensable process, because the main owners of the spectrum, the Pus, cannot be disturbed or restricted in their operation. The air interface of this kind of sensing is usually a wideband and omnidirectional antenna. Wideband sensing requires intelligent, programmable received signal detection that allows scanning the selected frequency range and performing fast energy detection at the single frequencies. During our work we applied professional measurement devices for similar purposes in order to explore the DVB-T spectrum in a larger geographical area. The measurement could be a base to qualify the DVB-T spectrum for mobile cognitive radio applications. This section provides the detailed measurement setup for our experiments, and then time series and different statistics will be presented.
In Section 2 we have seen that the modelled received signal map, especially in absence of a geolocation database of terrestrial objects, cannot provide sufficient information about the local variability of the signal level. In order to investigate the exact time series of the DVB-T signal power aboard a moving vehicle a measurement with locationtagging was designed and conducted. As spectrum sensing device, a type of Agilent N9340B Handheld RF spectrum analyser was utilized. For our research purposes, the flexibility and precision of such a measurement tool were an obvious solution. The investigated frequency band is supported by the applied device [27] , and its built-in memory was able to store the measurement data through the whole route.
The measurement setup for the mobile system is depicted in Figure 6 and it has the following main blocks: (i) A car equipped with a single discone antenna (see Section 3).
(ii) A GPS device to record the route and the moving speed (Mitac P560 PDA).
(iii) A portable spectrum analyser [27] with data storage capability (Agilent N9340B).
(iv) A notebook to archive measurement files.
To have a first look of the measured data, a waterfall diagram is a good opportunity (see Figure 8 ), depicting the received signal power in the complete frequency band for the total measurement period.
In order to survey the DVB-T frequency band during movement, two measurements were conducted in the city area of Budapest. The routes are depicted in Figure 7 , also denoting their length and duration.
In order to cover the whole frequency band of the TV transmitters, the following spectrum analyser settings were applied:
(i) Starting frequency: 590 MHz.
(ii) Stop frequency: 800 MHz. 10 dB attenuation was required to keep the measured signal level within the analyser measurement range. The 590-800 MHz frequency band was sensed with 10/22 MHz steps; thus, for example, for a 8 MHz DVB-T channel, 17.6 samples were collected. The spectrum analyser stores the measured received power in floating point data type with two decimal places. The antenna was connected with RG-58 type cable of 3 m length; therefore the cable attenuation was 0.9 dB.
TV transmitters 1 and 3 were closed by the routes (their places are marked on the maps). The speed of the car was slightly varying, but it was kept during the route as stable as possible.
After processing the measurements, the spectrogram and the time series of the received power for three TV channels are providing the first overview of the investigated spectrum. In the spectrogram and even more clearly in the received power time series, the strong variations of the signal levels are well observable (Figures 8-9) .
The results are indicating that the conditions of proper DVB-T receiving do not always exist. As the measurement was performed in densely built-in city area and we considered the movement of the car, different type of channel impairments may arise. The shadowing, interference, and multipath propagation could decrease the quality of service. However the Okumura-Hata propagation model is a wellknown tool to calculate the received signal level in built-in areas [28, 29] ; this is a general model and cannot substitute the real measurements like the present one, allowing deriving a more accurate characterization of the mobile propagation channel. For proper DVB-T, receiving primary users require 50 dB V signal level, or considering a 50 Ω termination from (4), this level is −57 dBm [30] :
More detailed discussion about the planning of DVB-T service area and the minimum field strength requirements can be found in [31] .
We will apply this threshold as an opportunity indicator for secondary channel usage. On the other hand, it should be also considered that, in order to minimise the harmful interference caused by the cognitive secondary user devices, the TV signal sensing margin should be much lower than that of TV receivers required for high quality receiving [32] . The hidden node problem, when a primary user with good receiving conditions is interfered by a secondary transmitting device [33] , is one of the reasons that cognitive devices are usually operating with lower sensing margin. Nevertheless, this kind of problem is beyond the scope of this paper; the abovementioned −57 dBm will be for us the measure of the local DVB-T signal quality. As the goal of this paper is a survey of the TVWS, the investigation of some statistical properties of the received signal time series will lead to the estimation of the secondary channel utilization Mobile Information Systems opportunities. We emphasize that for an operational cognitive radio application a lower sensing margin should be required. Furthermore, especially to avoid the interference additional techniques would be also desirable, for example, pilot detection, cyclostationary feature detection, or cyclic prefix and autocorrelation detection [32] .
To find the probability of the minimal received signal level, the Cumulative Distribution Function (CDF) of the attenuation could help. To estimate a realistic receiving condition, an increased antenna gain should be applied, because the discone antenna is only an experimental device and it does not represent correctly the antenna of a standard DVB-T receiver. The applied discone antenna has ∼2 dB gain; nevertheless for real DVB-T receiving an antenna with 10-12 dB gain is recommended [34] and usually applied by PUs.
The CDF of the received power indicates the probability that the signal level is less than or equal to a certain value, as it is depicted in Figure 10 for the two different routes. If we take into account that a standard PU has a receiving antenna with an additional 10 dB gain compared to the discone antenna in the measurement, according to (4) the probability values at −57 − 10 = −67 dB are representing the thresholds of the improper receiving conditions.
One can see that the probability of insufficient DVB-T signal level is relatively high; in Figure 10 these values are indicated for each channel. Contrarily, in case of this condition the spectrum could be utilized by the secondary users for their own purposes by applying CR technologies.
Another aspect of the estimation of the channel impairment is the fade duration statistics [35] . While the attenuation statistics inform us about the probability that the fading depth exceeds a specified level, the length of the individual fade events and thus the possible outage periods could be determined only from the fade duration distribution. The duration of fades can be calculated from the attenuation time series; therefore the received power time series (see and 9) should be converted. For this conversion, the highest measured received power value in the DVB-T channel was considered as a reference (zero attenuation) level.
Besides the fade duration, in cognitive radio applications the level crossing rate as another dynamics aspect of the channel is studied in [36] for Rayleigh and Rician fast fading channels. The effect of imperfections in the radio environment map (REM) information on the performance of cognitive radio (CR) systems was investigated in [37] . In opportunistic channel allocation algorithms [38] the duration of fade event may play an important role. Therefore in our paper we propose fade duration statistics as a tool for opportunity length estimation. Figure 11 indicates the probability of fade durations at 15 dB and 20 dB attenuation levels for 10 and 60 seconds, respectively. We proved with our measurements and with the relating fade duration statistics that aboard a moving device in city area the DVB-T spectrum can be used for secondary purposes even for several seconds or for a minute duration. Calculating with one-hour travelling, the opportunity for secondary channel usage during this journey is several minutes in 10 s quanta and even some complete minutes. These are significant values that should be taken into account if secondary channel utilization of the DVB-T spectra is planned. For the calculations above we applied −57 dBm threshold, that is, according to the literature, the signal level required for the error-free DVB-T reception. Our proposal is that the secondary usage of the spectrum is a reality when the service quality is insufficient for the primary users. Contrarily, for cognitive radio applications the protection of primary user's service quality is a key issue. The appearance of secondary users may cause significant interference in the TVWS; therefore an advanced spectrum sensing technique is essential. A study about this emerging technology [39] discusses that the sensing threshold is −112.8 dBm for 8 MHz wide channels, showing that high quality sensing technique is inevitable in a real CR application.
Conclusions
In this paper we presented wideband, mobile DVB-T spectrum measurements to study the variation of the received signal power in the TV channel frequencies. Our suggestion is that for cognitive radio applications the same frequency band is applicable if the service quality for the PUs is insufficient. It may happen in densely built-in city areas that, due to shadowing, reflections, or interference, the DVB-T signal quality is improper for primary usage. This fact has been proved by the measurements. In this case of short-distance communications, for example, for car-to-car data transfer or access local traffic information databases or even for selfdriving vehicles, the DVB-T spectrum could be utilized. In the paper the antenna design for spectrum detection, the applied spectrum sensing hardware, measurement methods, and their statistics were shown. After the evaluation of the results it was proven that for mobile CR users it is possible to utilize the DVB-T band with intelligent devices for secondary purposes, even without decreasing the QoS of the primary users.
